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ABSTRACT 
 
Katie Overbey: Sewage Impacts on Water Quality and Antibiotic Resistance in Beach Waters in 
the Galápagos Islands, Ecuador  
(Under the direction of Jill Stewart) 
 
 
Tourism and residential population growth are increasing on the Galápagos Islands, yet 
the effects on environmental quality are not well understood.  This study provides a baseline 
characterization of water quality on one of the inhabited islands of the Galápagos (San 
Cristóbal), and evaluates the potential relationship between human activity and bacterial 
antibiotic resistance in recreational waters on this island. Five sample beaches and the mouths of 
two sewage effluent pipes were selected to represent recreational water with and without the 
presence of sewage effluent. Enterococci concentrations were quantified using the IDEXX 
Enterolert kit. Escherichia coli was isolated from samples and tested for susceptibility to five 
antibiotics using Kirby- Bauer disk diffusion. These measurements were compared between 
beaches with sewage effluent and beaches without sewage effluent. Significantly higher 
enterococci concentrations were found near sites subjected to sewage discharge (p < 0.01). Sites 
of direct sewage discharge and land drainage from the highlands had significantly higher levels 
of antibiotic resistant bacteria though it is unclear whether sewage impacts the level of resistance 
at nearby beaches (p < 0.05). The high levels of enterococci and antibiotic resistance observed in 
this study indicate that the release of raw sewage into recreational waters could be putting the 
environment as well as public health at risk. This study provides insight into how humans impact 
their environment in an area where economic and developmental demands compete with 
environmental and public health concerns. 
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Introduction 
As global human population grows, anthropogenic activities continue to contribute to the 
degradation of oceans and coastal waters (Halpern et al., 2008; Pew Oceans Comission, 2003). 
According to Halpern et al. (2008) there is no area of ocean that is unaffected by human 
presence. Human populations can affect marine systems in a variety of ways, including point and 
non-point source pollution, invasive species introduction, aquaculture, coastal development, 
overfishing, and habitat alteration (Pew Oceans Comission, 2003). In coastal environments, one 
especially problematic consequence of human population growth is the uncontrolled release of 
human waste, that can severely degrade the quality of recreational waters (Dwight et al., 2004; 
Howarth et al., 2002; Jackson et al., 2001). Islam and Tanaka (2004) found that the release of 
sewage is the number one contributor of waste into the oceans and is a major source of nutrient 
input, environmental damage and eutrophication (Nixon, 1995). Sewage release can also increase 
mortality of marine organisms (Hernández et al., 1998) and infect them with human pathogens 
(Bossart et al., 1990). The quality of recreational waters is not only critical to environmental 
health, but is also closely tied to human health (Fleming et al., 2006). 
The presence of human sewage in recreational waters can cause a range of negative 
health outcomes, most notably gastrointestinal illness and skin infections (Colford et al., 2007; 
Wade et al., 2003). It is known that the incidence of illness in relation to swimming in water 
contaminated with sewage is important and can have a considerable impact on human health 
(Fleisher et al., 1998). Lipp et al. (2001) observed high levels of infectious enteric pathogens, 
including Cryptosporidium and Giardia, in waters contaminated with sewage. Previous studies 
have indicated that levels of fecal indicator bacteria in recreational waters are related to 
gastrointestinal illness and a dose- response relationship exists between indicators and levels of 
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illness (Prüss, 1998; WHO, 2003). Wade et al. (2003) found that enterococci specifically were 
related to an increase in gastrointestinal illness in marine waters. Although some studies (Stewart 
et al., 2008) suggest that enterococci concentrations may not always give an accurate reflection 
of disease outcomes, the US EPA recommends using enterococci as an indicator of fecal 
contamination in marine waters (USEPA, 2012). 
An additional danger of sewage discharge is the potential for the release of bacteria 
resistant to antibiotics into the environment (Bell, 1978; Cooke, 1976; Martins da Costa et al., 
2006; Parveen et al., 1997; Reinthaler et al., 2003; Schwartz et al., 2003). In developing 
countries, it has been found that residents often carry resistant organisms in their gut, due to the 
misuse of antibiotics, access to ineffective antibiotics, and unhygienic conditions allowing 
resistant organisms to spread (Okeke at al., 1999). The presence of antibiotic resistant bacteria in 
the human gut makes municipal waste water treatment plants important sources of antibiotic 
resistant bacteria in the environment, and levels of resistant bacteria released into the 
environment greatly depend on proper operation of treatment systems (Kim & Aga, 2007). These 
resistant bacteria can enter into sewage and then the environment through improper disposal and 
treatment (Baquero et al., 2008). Antibiotic resistant bacteria found in sewage have the ability to 
transfer resistance genes to native microbes in the ocean, including pathogens (Baquero et al., 
2008). The increase in antibiotic resistant pathogens has also been identified as a major public 
health threat (Neu, 1992; Wise et al., 1998). Studies have also found that there are multiple 
negative health outcomes related to antibiotic resistant bacteria, including more virulent 
pathogens, delays in the administration of appropriate antimicrobial therapy, and inadequate or 
even toxic therapies for treatment of resistant pathogens (Cosgrove & Carmeli, 2003). Antibiotic 
resistant bacteria can be classified based on the number of antibiotic classes they are resistant to, 
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though there is still no international standard of classification. One common classification is 
multi-drug resistance, that can be defined as an organism that shows resistance to three or more 
classes of antibiotics (Magiorakos et al., 2011). Multi-drug resistant bacteria poses an added 
health threat by further reducing the ability to treat infections effectively (Roberts et al., 2009). It 
has been found that multi-drug resistant pathogens can increase patient mortality, hospital length 
of stay and hospital costs, thus having an impact on the economy as well as human health 
(Cosgrove & Carmeli, 2003; Giske et al., 2008). 
On the Galápagos Islands, a recent increase in land-based tourism and a growing local 
population are increasing the amount of raw sewage being discharged into local waters. 
Currently, sewage treatment systems on the islands are either not present, or not functioning. 
This poses a potential public health risk and threatens the habitats which comprise a unique 
ecosystem and sustain the growing economy (Epler, 2007; Walsh et al., 2010; Watkins & Cruz, 
2007). The Galápagos Islands have a residential population of about 30,000 and almost 200,000 
tourists visit the islands each year (Epler, 2007; Galapagos National Park Service, 2013). The 
number of tourists visiting the islands is increasing, which drives population growth as more 
people from the mainland move to the Galápagos in hopes of working in the tourism sector 
(Walsh et al., 2010). Many of the tourists are attracted to the islands because of their “pristine” 
image and the wide array of local flora and fauna (deGroot, 1983; Walsh et al., 2010). As 
previously stated, the release of sewage can cause environmental degradation, which could 
threaten the local economy by deterring tourists. Additionally, the release of sewage could not 
only threaten the health of locals and tourists, but could further harm the economy by making the 
islands less attractive to foreign tourists.  
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There is currently very little monitoring of Galápagos water quality which makes it 
difficult to understand the impacts of sewage on the environment and public health (Walsh et al., 
2010). Additionally, the presence of antibiotic resistant bacteria in the recreational waters of the 
Galápagos has never been examined, despite the potential public health implications. Previous 
studies have stated that monitoring the release of antibiotic resistant bacteria is key in addressing 
health risks (Cosgrove & Carmeli, 2003). Understanding the contribution that sewage release has 
on water quality in the Galápagos has implications for human health, environmental health, and 
the economy. The relatively small geographic size of the Galápagos allows for a targeted study 
designed to begin exploring these impacts.  
The objective of this study is to determine if the presence of human wastewater is related 
to degradation of recreational water quality and a higher level of bacterial antibiotic resistance. 
This was accomplished using enterococci to measure water quality and determining the variation 
in antibiotic resistance levels at beach sites on the Galápagos Island of San Cristóbal. Sites were 
specifically chosen to allow for the comparison of sewage impacted sites versus non-sewage 
impacted sites. These results will provide a baseline for water quality in an area where human 
growth, health, and environmental concerns are competing and contribute to a better 
understanding of how human waste is contributing to the release of antibiotic resistance into the 
environment.  
 
 
 
 
 
5 
 
Methods 
A field campaign was undertaken in the summer of 2013 to examine the impacts of 
human wastewater on beach water quality. Enterococci levels and antibiotic resistance among E. 
coli at beaches with and without the presence of sewage effluent were measured and compared. 
 
Site selection 
Five sample beaches were selected to represent various levels of human usage, including 
swimmer presence (Playa Mann, Carola, Tijeretas), boat traffic (M. Shore), close proximity to 
sewage outflow (M. Shore), and land runoff channels that drain from the highlands of the island 
(M. Drain); samples were also collected at two pipe sites located within 3 m of the mouth of 
sewage outflow pipes (Figure 1). On sample beaches with a wide sand extent where swimmers 
could possibly enter the water, water was sampled from two separate sites. These sites were 
selected to be on opposite sides of the area of the sand extent to account for potential variation 
along the shoreline of the sample beach.  
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Figure 1. Selected sample sites selected and the types of human use at each site. 
 
Sample Collection 
Samples were collected between June 19, 2013 and July 29, 2013 on the Island of San 
Cristóbal, Galápagos Islands (Table 1); all samples were collected between 8:30am and 12:00pm 
local time. One hundred mL of water were collected at each sampling location in a sterile bottle 
at approximately 0.61 m depth. The samples were kept in a cooler for the duration of sampling 
and then put in a refrigerator for no more than 6 hours before processing. An additional sample 
was collected from a site called Punta Pitt, which is on the northeastern most side of the island 
that has very little human activity (data not shown). Due to the extremely low sample size for 
this site it was not used in calculations.  
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Table 1. Number of samples and isolates tested from each sample beach. 
 
Sample Beach 
Latitude 
(Decimal 
degrees) 
Longitude 
(Decimal 
degrees) 
Samples Tested 
for Enterococci 
(N) 
Isolates Tested 
for Antibiotic 
Resistance (N) 
Marinos Draina   14  
Site 1 -0.903134º -89.613043º 8 31 
Site 2 -0.902919º -89.613026º 6 NAb 
Marinos Shorea   14  
Site 1 -0.902489º -89.613305º 8 25 
Site 2 -0.902450º -89.613070º 6 NAb 
Carolaa   16  
Site 1 -0.890460º -89.612143º 8 12 
Site 2 -0.890799º -89.612184 8 NAb 
Playa Manna   15  
Site 1 -0.895511º -89.609542º 7 16 
Site 2 -0.895759º -89.609538º 8 NAb 
Tijeretas -0.888161º -89.608282º 16 10 
Marinos Pipe -0.902059º -89.612691º 3 5 
Carola Pipe -0.888910º -89.612691º 3 5 
 
a Samples were collected from two sites at different locations on the beach. For the purposes of statistical analyses 
these sites were combined as one sample beach. 
b Not applicable because E. coli was only isolated from samples taken at Site 1 for antibiotic resistance testing. 
 
Analysis of Enterococci 
Baseline water quality was measured using enterococci as an indicator. Before 
performing analyses, the water samples were diluted by mixing 10 mL of sample with 90 mL of 
commercially filtered bottled water. The IDEXX Enterolert® kit (IDEXX Laboratories, Inc., 
Westbrook, ME) was used to determine levels of enterococci in the samples. The water samples 
were mixed with the test reagent, and then poured into a Quanti-Tray®/ 2000. These samples 
were then sealed and incubated at 41 ºC for 24 h. The number of wells in the Quanti-Tray®/ 
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2000 that fluoresced after incubation was counted and used to calculate the most probable 
number (MPN) of enterococci per 100 mL of sample. This test has a minimum limit of detection 
of 10 MPN/ 100 mL and a maximum limit of detection of 24, 196 MPB/ 100 mL. 
 
Antibiotic Resistance Testing 
Escherichia coli was isolated from beach samples using US EPA Method 10029 (EPA, 
2012). Membrane filtration was employed to filter water samples and then m-ColiBlue 24® 
broth (MD Millipore Corporation, Billerica, MA) was used to isolate E. coli. Kirby-Bauer disk 
diffusion was used to test the resistance of isolates to ampicillin (10 µg), ciprofloxacin (5 µg), 
gentamicin (10 µg), tetracycline (30 µg), and trimethoprim/sulfamethoxazole (23.75 µg/ 1.25 µg) 
(Bauer at al., 1966). These isolates represent five different classes of antibiotics: beta lactams 
(penicillin), fluoroquinolones (ciprofloxacin), aminoglycosides (gentamicin), polyketides 
(tetracycline) and sulfonamides (trimethoprim/ sulfamethoxazole). As part of the disk diffusion 
method, antibiotic sensitivity discs (BD BBL™, Franklin Lakes, NJ) were placed on Mueller- 
Hinton agar and plates were incubated at 35 ºC for 18 hours. 
 
Statistical Procedures 
 To test for differences in enterococci levels between sample beaches, a Kolmogorov-
Smirnov test was performed to determine normality. Due to the right skew of the data and 
deviation from normality (p < 0.0001), non-parametric tests were used to analyze the data. A 
rank- transformed analysis of variance (ANOVA) was performed and p-values were adjusted 
using Bonferroni corrections. To test for differences in antibiotic resistance between the seven 
sample sites, a G-test of independence comparing the frequencies of isolates that were 
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susceptible to three or more antibiotics (multi-drug resistant) and those that were resistant to one, 
two or no antibiotics was performed. This test was also used to compare the proportion of 
isolates resistant to one or more antibiotics at each site. For the purposes of calculations, isolates 
that were classified with intermediate resistance were considered susceptible. Due to the small 
sample size at certain sites it was not uncommon that at least one of the expected values, as 
calculated by the G-test of independence, was below five. In these circumstances Yate’s 
correction was used for a more conservative representation of the data. To test for differences 
between the individual sample sites pairwise post-hoc tests for independence were conducted 
(Klein et al., 2011; MacDonald & Gardner, 2000). Statistical tests were conducted in JMP Pro 
ver. 11 (SAS Institute Inc., Cary, NC). 
 
Results 
During each sample date, enterococci levels were measured at each sample beach and site 
visited on that day. The sites that had the highest enterococci concentrations were the two 
sewage outflow pipes (Marinos Pipe and Carola Pipe), M. Shore (close proximity to an outflow 
pipe), and M. Drain (mouth of a drainage channel from the highlands of the island). In contrast, 
the sites with the lowest recorded enterococci counts were Tijeretas, Playa Mann, and Carola 
which were beaches not in close proximity to sewage outflow (Figure 2).  
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Figure 2. Enterococci concentrations for each sample beach and site, for each sample date. 
 
a Below detection limit (<10), a value of 0 was used for calculation purposes. 
b Test detection maximum (>24,196), 24,196 was used for calculation purposes. 
 
Summary statistics for enterococci levels at each sample site are presented in Table 2.  
Besides the sites of sewage outflow (Marinos Pipe and Carola Pipe), M. Drain and M. Shore 
showed the highest counts of enterococci (Table 2). The average enterococci value for the two 
sewage outflow pipes (Marinos Pipe and Carola Pipe) were extremely high, and the three 
samples collected at Carola Pipe all reached the detection limit of the methods employed, and 
two of the three samples at Marinos Pipe reached this limit. M. Drain showed the highest 
variation of all sample beaches, the coefficient of variation for this site was almost an order of 
magnitude greater than all of the other sample beaches (Table 2). The three sites that are not 
directly receiving sewage effluent (Carola, Playa Mann and Tijeretas) all had enterococci values 
below 12 MPN/ 100mL. 
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Table 2. Summary statistics for each of the sample sites. 
Sample Beach Sample Size (N) 
Geometric Mean  
(MPN/ 100mL) 
Coefficients of 
Variation 
M. Draina 14 212 30 
M. Shoreb 14 6,775 1.4 
Carola 16 12 6.7 
Playa Mann 15 5.5 3.7 
Tijeretas 16 2.6 2.1 
Marinos Pipe 3 22,655 0.1 
Carola Pipe 3 24,196c 0.0d 
 
a This sample beach is close to land runoff channels, which drain from the highlands of the island. 
b This samples beach is close to the sewage effluent pipe, Marinos Pipe. 
c For the purpose of calculations, the value 24,196 was used for concentrations above the detection limit (>24196 
MPN/100 mL) and the value 1 was used for concentrations below the detection limit (<10 MPN/100 ml). 
d All samples at this site reached the detection limit. 
 
 
The Enterococci counts at each beach were summarized for comparison. Both sewage 
pipes showed extremely high levels of Enterococci, maxing out the test for all but one sample, 
therefore making it difficult to determine the variation amongst pipe samples (Figure 3). M. 
Drain and M. Shore have high variation but the Enterococci counts are still relatively high. The 
other three sites, Tijeretas, Carola and Playa Mann have much lower Enterococci values in 
comparison and appear to be relatively similar in spread. 
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Figure 3. Summarized enterococci counts for each sample beach, shown on log scale. 
 
aThe test used had a maximum limit of detection of >24,196 MPN/ 100 mL, which was replaced with 24,196 for the 
purposes of making calculations, because of this the pipe site data does not accurately reflect the variation most 
likely present in the samples. Additionally, the minimum limit of detection for the test was <10 MPN/ 100 mL and 
this value was replaced with one for purposes of calculations. 
 
Based on ANOVA tests, sample beaches without direct sewage outflow (Carola, Playa 
Mann,Tijereats) were significantly different (p < 0.05) than the sample beach near direct sewage 
pipe outflow (M. Drain), and the sample beach with highland drainage (M. Shore) (Figure 4). 
Additionally, M. Drain and M. Shore were significantly different from each other (p < 0.01). M. 
Shore was not significantly different than the water at the mouth of the sewage outflow on that 
beach (Marinos Pipe) (p > 0.05).  
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Figure 4. P-valuesa from rank-transformed ANOVA for enterococci levels for each beach. 
P-values adjusted using Bonferroni method. 
 
a Dots indicate significance of 0.0001 
 
The percentage of E. coli isolates at each sample beach that were resistant to at least one 
of the five tested antibiotics is presented in Figure 5. M. Shore, which is the beach closest to 
sewage outflow, showed the highest percentage of resistant isolates (88%), excluding the two 
sites of sewage outflow, Marinos Pipe and Carola Pipe, where all tested isolates showed 
resistance to at least one antibiotic. Two of the beaches considered clean showed low levels of 
resistance, Tijertas (30%) and Playa Mann (13%). On Carola, the third beach considered clean 
and the closest of the clean beaches to sewage outflow, 58% of isolates were resistant.  
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The percentage of E. coli isolates at each sample beach that were multidrug resistant is 
also presented in Figure 5. M. Drain, which is the beach closest to a land drainage canal, showed 
the highest percentage of multidrug resistant isolates (58%), except for Marinos Pipe (60%) and 
Carola Pipe (100%), the sites of sewage effluent outflow. The three beaches distant from direct 
sewage outflow or highland runoff all had zero multidrug resistant isolates. Marinos Pipe was the 
only site where the proportion of isolates resistant to one or more antibiotics and the proportion 
of multidrug resistant isolates were equal.  
 
 
Figure 5. Percentage of E. coli isolates resistant to one or more antibiotics and percent 
multidrug resistant, at each site 
 
The proportions of isolates resistant to one or more antibiotics at each site were compared 
using a G-test of independence (Table 3). Two of the clean beaches, Tijeretas and Playa Mann 
had significantly lower proportions of isolates resistant to one or more antibiotics than both 
sewage pipes and the sewage exposed beach (M. Shore). Additionally, Playa Mann had 
significantly lower proportions of resistance than the land drainage site (M. Drain). It was found 
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that Carola had significantly higher proportions of resistance than Playa Mann, but not Tijeretas. 
Carola showed no significant difference from the two sewage outfall pipes, the sewage exposed 
beach (M. Shore) or the land drainage beach (M. Drain). The two sewage pipes were not 
significantly different from each or the M. Shore and M. Drain sites. The M. Shore site, which is 
the sewage exposed beach had a higher proportion of isolates resistant to one or more antibiotics, 
compared to M. Drain. 
 
Table 3. P-values from G- test comparing proportion of isolates that were resistant to one 
or more antibiotics. Percent resistant shown. 
 
M. Drain 
(65%) 
       
M. Shore 
(88%) 
*       
Carola 
(58%) 
       
Playa Mann 
(13%) 
* * *     
Tijeretas 
(30%) 
 *      
Marinos Pipe 
(100%) 
   * *   
Carola Pipe 
(100%) 
   * *   
 M. Drain M. Shore Carola 
Playa 
Mann 
Tijeretas 
Marinos 
Pipe 
Carola 
Pipe 
* Significant at 0.05 
 
  
The proportions of isolates resistant to three or more antibiotics (multi-drug resistant) at 
each site were compared using a G-test of independence (Table 4). All three beaches without 
direct sewage exposure or a drainage canal (Carola, Playa Mann, and Tijeretas) had significantly 
lower proportions of multi-drug resistant isolates than the sewage outflow pipes and M. Drain. 
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Additionally, M. Shore had significantly fewer multi-drug resistant isolates than Carola Pipe. It 
was found that M. Drain, the site with a drainage canal, had a significantly higher proportion of 
multi-drug resistant bacteria than M. Shore, the site with sewage exposure. M. Shore had 
significantly higher proportions of multi-drug resistant isolates than Playa Mann but not Tijeretas 
or Carola. A significant difference was found between the proportions of multi-drug resistant 
isolates on Playa Mann, Tijeretas, and Carola. 
 
 
Table 4. P-values from G- test comparing proportion of isolates that were multi-drug 
resistant to those that were not. Percent multidrug resistant shown. 
 
M. Drain 
(58%) 
       
M. Shore 
(32%) 
*       
Carola 
(0%) 
*       
Playa Mann 
(0%) 
* * *     
Tijeretas 
(0%) 
*  * *    
Marinos Pipe 
(60%) 
  * * *   
Carola Pipe 
(100%) 
 * * * *   
 M. Drain M. Shore Carola 
Playa 
Mann 
Tijeretas 
Marinos 
Pipe 
Carola 
Pipe 
* Significant at 0.05 
 
 
The number of antibiotics to that each E. coli isolate was resistant was calculated and 
aggregated for each sample beach. Besides the sewage outflow at Carola, M. Shore had the 
highest percentage (68%) of isolates resistant to three, four or five antibiotics (Figure 6). The 
pipe at Carola had 100% of isolates resistant to three or four tested antibiotics and 60% of 
isolates from Marinos Pipe were resistant to three or four tested antibiotics. M. Shore had 42% of 
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isolates resistant to three, four or five antibiotics. The other three sample beaches, Carola, Playa 
Mann, and Tijeretas had no isolates resistant to more than two tested antibiotics and showed very 
high percentages of bacteria that were susceptible to all tested antibiotics, the highest being Playa 
Mann where 88% of isolates were fully susceptible. 
 
 
 
                                   *Sites without sewage effluent or land runoff 
 
Figure 6. Amount of antibiotic resistance at each sample beach. 
 
 
Discussion 
Results of this study demonstrate that baseline water quality, based on enterococci 
concentration, was poorest at beaches where there was the release of sewage effluent. On these 
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beaches, enterococci concentrations were significantly higher than beaches without sewage 
effluent. Levels of antibiotic resistance were higher in areas of direct sewage outflow and land 
drainage, but it remains unclear as to whether sewage is contributing to the presence of antibiotic 
resistance on beaches.  The results were not statistically significant, but this result was likely 
influenced by the small number of resistant isolates that could be included in the statistical tests. 
 
 
Baseline Recreational Water Quality Analysis 
It is likely that human sewage is increasing the concentrations of enterococci on some 
beaches. The study was designed specifically to compare areas with and without sewage outflow 
and the significant difference between beaches near sewage outflow and beaches not near 
sewage outflow supports this interpretation. The beach with direct sewage effluent (M. Shore) 
had significantly higher enterococci concentrations than the beach near a land drainage channel 
(M. Drain). This indicates that sewage is having a larger impact on the quality of recreational 
waters, compared to land runoff. Additionally, the measured concentrations for M. Drain showed 
higher variation than all other sites. This is likely due to inconsistent precipitation in the 
highlands affecting drainage to the sample beach. The enterococci concentrations at sewage 
outflow points reached the upper test detection limit; this finding is consistent with previous 
literature finding high levels of enterococci in raw sewage (Litsky et al., 1953; Slanetz & 
Bartley, 1957). The World Health Organization (WHO) reports that levels of enterococci in raw 
sewage can range from 4.7 x 103 to 4 x 105 organisms per 100mL (World Health Organization, 
2003). Enterococci was found in high concentrations on beaches with direct sewage exposure 
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and it can be inferred that these beaches on San Cristóbal are contaminated with human sewage 
from the outflow pipes.  
The levels of enterococci found on the beaches of San Cristóbal sometimes exceeded 
international and US regulations for water quality. Current Ecuadorian regulations only provide 
quality standards for fecal and total coliforms, so enterococci levels were only compared to 
WHO standards and US EPA standards (Ministerio del Ambiente, 2003). The geometric mean of 
samples from a 30-day period cannot exceed 35 colony forming units (CFU’s)/ 100 mL of 
enterococci under current EPA recommendations (US EPA, 2012). The WHO recommends that 
the 95th percentile value of enterococci measurements be below 40 enterococci CFU’s/ 100 mL 
of sample to best protect human health (WHO, 2003). When comparing to the EPA standards, an 
exact comparison is difficult because of discrepancies between MPN and CFU values. Cho et al. 
(2010) found that MPN values measured for enterococci were lower than the measured CFU 
values; but variations did not exceed one order of magnitude. The geometric mean of enterococci 
for beaches with sewage effluent still exceeded EPA guidelines by over one order of magnitude, 
indicating that these beaches are likely above a level considered safe for recreation.  
  
Analysis of Antibiotic Resistance 
This study was designed to target areas that were impacted by sewage outflow and those 
that were not, to test whether there is evidence of anthropogenically introduced resistant bacteria. 
The proportion of isolates resistant to at least one antibiotic was first compared between beaches. 
It was found that the sites of direct sewage outflow had 100% of tested isolates resistant to at 
least one antibiotic, these findings are consistent with previous findings that antibiotic resistant 
bacteria are present in sewage effluent (Reinthaler et al., 2003; Stelzer & Ziegert, 1988). 
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Reinthaler et al. (2003) found sewage that contained E. coli resistant to 16 of 24 tested antibiotics 
and concluded that sewage effluent was contributing to the dissemination of antibiotic resistant 
bacteria into the environment. The beach exposed to sewage effluent, as well as the beach with 
land drainage did not show a significant difference in the number of resistant isolates when 
compared to sites of direct sewage outflow. This indicates that sewage could be releasing 
resistance into the environment and that land drainage may also have an impact. Additionally, 
one of the beaches considered clean, Carola, was found to have significantly higher levels of 
resistance than the other two clean beaches. This beach is the closest of the clean beaches to a 
sewage outfall pipe so it is possible that sewage from Carola Pipe is impacting Carola even 
though the pipe was placed outside of the cove.  
The proportion of isolates resistant to at least three antibiotics was also compared 
between beaches. This threshold was chosen because it represents bacteria that are multi-drug 
resistant (Magiorakos et al., 2011). Since all antibiotics tested represent different classes, isolates 
resistant to more than three can be considered multi-drug resistant. The site with land drainage 
(M. Drain) has similarly high levels of multi-drug resistance when compared to raw sewage. This 
reinforces the conclusion that sewage may be an important factor in the release of antibiotic 
resistant bacteria, but it is not the only significant source in the marine environment on the 
island; drainage from the highlands may also play a role. Compared to the beach exposed to land 
drainage (M. Drain), multi-drug resistance was much lower on the sewage exposed beach, which 
is different than the pattern found for the isolates resistant to at least one antibiotic. This 
indicates that though sewage may be releasing resistance, sewage input may not affect multi-
drug resistance at nearby beaches. It is clear that pipes are releasing multi-drug resistant bacteria 
into the ocean and the difference between M. Shore, the beach near sewage outflow and Playa 
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Mann, a beach without sewage, indicate that there is a possibility that multi-drug resistant 
bacteria from sewage could be present on beaches. A small sample size at Tijeretas and Carola, 
the other non- sewage impacted beaches, makes this difficult to determine. These two sites had 
the same proportion of multi-drug resistant isolates as Playa Mann (an unimpacted beach), but 
were not only significantly lower than M. Shore, but significantly different from each other. It is 
likely that small sample size is affecting these results, making it difficult to understand the 
relationship between sewage and multidrug resistance on beaches. 
This study found that sewage contributes to resistance loads in beach waters, though it is 
unclear whether the same level of resistance persists at downstream beaches. The level of 
antibiotic resistance observed in this study at sewage outflow points (100%) and sewage 
impacted beaches (88%) are similar to other studies.  Sokari et al. (1988) found that about 80% 
of E. coli  isolates from municipal waste, river, and estuarine waters were resistant to at least one 
antibiotic. These studies suggest that 70-80% of bacteria in raw waste and surface waters are 
resistant to at least one antibiotic. Other studies have also found levels of resistance in raw 
sewage to be around 70% (Cooke, 1976; Martins da Costa et al., 2006), though some studies 
have found resistance levels as low as 17% (Bell, 1978). Some studies suggest other possible 
explanations for the presence of antibiotic resistance on the sampled beaches; including 
inducement of resistance by heavy metals (Stepanauskas et al., 2005, 2006). The low sample size 
for many sites where antibiotic resistance testing was performed puts constraints on the 
conclusions that can be made about the relationship between sewage and antibiotic resistance. 
Additional sampling would provide a more complete understanding of this relationship. 
Additionally, the disk diffusion method only tests phenotypically for antibiotic resistance, though 
genotypic testing would provide additional information. Genotyping the resistance genes would 
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allow for a more thorough analysis of the antibiotic resistance, including the mechanism of 
resistance and potential sources of resistance. 
The presence of fecal indicator bacteria in the beaches of San Cristóbal indicates a 
potential health risk to locals as well as tourists passing through the island, and the presence of 
antibiotic resistant bacteria on beaches could pose an additional risk. Studies have indicated that 
levels of fecal indicator bacteria are related to gastrointestinal illness and have found a dose- 
response relationship between indicators and levels of illness (Prüss, 1998; WHO, 2003). 
Additionally, the contamination of recreational waters by domestic sewage, and the subsequent 
negative health effects have been documented by multiple studies (Cabelli et al., 1979; Fleisher 
et al., 1998; Lipp et al., 2001). Wise et al. (1998) stated that antibiotic resistance poses a major 
public health threat. Even though the bacteria tested were non-pathogenic, previous studies have 
indicated that it is possible for resistance genes to be transferred to other, pathogenic bacteria 
(Neu, 1992). Though the possibility of other explanations cannot be definitely ruled out, the 
theory that this antibiotic resistance could be originating from wastewater is consistent with 
previous literature.  
In addition to potential public health concerns, the findings of this study indicate that 
humans may also be damaging the environment of the Galápagos. The input of sewage into the 
marine environment can have undesirable consequences on ecosystem structure and function and 
can lead to eutrophication (Smith at al., 1999). Previous studies have found that human 
wastewater is a significant contributor to the eutrophication of marine waters (Lee & Olsen, 
1985; Nixon et al., 1986). A decrease in species diversity has also been found on coastal 
communities impacted by human sewage discharge (Fairweather, 1990). The economy of the 
Galápagos relies heavily on tourism and damage to the environment could potentially have 
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negative economic impacts by deterring tourists attracted to the islands “pristine” image 
(deGroot, 1983; Walsh et al., 2010). 
 
In the past decade, the Galápagos Islands have experienced drastic changes resulting 
from economic growth driven by tourism (Watkins & Cruz, 2007). Walsh et al. (2010) indicates 
that this growth is threatening not only the natural environment, but potentially health on the 
islands as well. The findings of this study agree with this conclusion. These findings indicate that 
the release of raw sewage into recreational waters could be putting human populations and the 
environment at risk. Though the magnitude is still uncertain, this work indicates that human 
wastewater is impacting the microbial concentrations and levels of bacterial antibiotic resistance 
found in the recreational waters of San Cristóbal Island. 
 
Conclusion 
It was found that on the island of San Cristóbal, levels of antibiotic resistance in E. coli 
and concentrations of enterococci are higher both in sewage outflows and beaches impacted by 
these outflows. Human sewage is likely contaminating beaches and could potentially be a source 
of antibiotic resistant bacteria in recreational waters. However, further monitoring of the water 
quality on the Galápagos Islands is necessary to determine the extent to which wastewater poses 
a threat to public and environmental health by contributing to antibiotic resistance in the 
environment. The growing population and large number of tourists that pass through the 
Galápagos Islands each year are at risk of exposure to disease agents from human sewage that 
contains antibiotic resistant bacteria. Additionally, humans are changing the environment of the 
Galápagos, which is often regarded as pristine and untouched. These human activities could 
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damage the income from tourists that is critical to the Island’s economy. This study confirms 
previous findings that releasing sewage into the ocean can compromise the quality of nearby 
beach water and is the first to examine the release antibiotic resistance in sewage on the 
Galápagos Islands. This research highlights the need to balance environmental and public health 
concerns with environmental growth, especially in areas seeing a rapid increase in human 
influence. 
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APPENDIX A: ENTEROCOCCUS CONCENTRATIONS (MPN/100ML) MEASURED 
ON SAN CRISTÓBAL ISLAND, GALÁPAGOS ARCHIPELAGO, ECUADOR SUMMER 
2013 
 
Date Site MPN/100ML 
19-Jun Playa Los Marinos, Drainage 1 31 
25-Jun Playa Los Marinos, Drainage 1 379 
2-Jul Playa Los Marinos, Drainage 1 31 
8-Jul Playa Los Marinos, Drainage 1 52 
14-Jul Playa Los Marinos, Drainage 1 119 
17-Jul Playa Los Marinos, Drainage 1 74 
22-Jul Playa Los Marinos, Drainage 1 173 
29-Jul* Playa Los Marinos, Drainage 1 146 
25-Jun Playa Los Marinos, Drainage 2 457 
2-Jul Playa Los Marinos, Drainage 2 148 
8-Jul Playa Los Marinos, Drainage 2 41 
14-Jul Playa Los Marinos, Drainage 2 2359 
22-Jul Playa Los Marinos, Drainage 2 > 24196 
29-Jul* Playa Los Marinos, Drainage 2 571 
19-Jun Playa Los Marinos, Shore 1 355 
25-Jun Playa Los Marinos, Shore 1 >24196 
2-Jul Playa Los Marinos, Shore 1 9804 
8-Jul Playa Los Marinos, Shore 1 >24196 
14-Jul Playa Los Marinos, Shore 1 5172 
17-Jul Playa Los Marinos, Shore 1 109 
22-Jul Playa Los Marinos, Shore 1 1785 
29-Jul* Playa Los Marinos, Shore 1 14191 
25-Jun Playa Los Marinos, Shore 2 >24196 
2-Jul Playa Los Marinos, Shore 2 14136 
8-Jul Playa Los Marinos, Shore 2 24196 
14-Jul Playa Los Marinos, Shore 2 5794 
22-Jul Playa Los Marinos, Shore 2 15531 
29-Jul* Playa Los Marinos, Shore 2 19863 
19-Jun Tijeretas <10 
19-Jun Tijeretas <10 
25-Jun Tijeretas <10 
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Date Site MPN/100ML 
25-Jun Tijeretas <10 
2-Jul Tijeretas <10 
2-Jul Tijeretas <10 
8-Jul Tijeretas 20 
8-Jul Tijeretas 10 
14-Jul Tijeretas 10 
14-Jul Tijeretas <10 
17-Jul Tijeretas 10 
17-Jul Tijeretas <10 
22-Jul Tijeretas 10 
22-Jul Tijeretas <10 
29-Jul* Tijeretas 7 
29-Jul* Tijeretas 4 
19-Jun Carola 1 175 
25-Jun Carola 1 84 
2-Jul Carola 1 20 
8-Jul Carola 1 20 
14-Jul Carola 1 <10 
17-Jul Carola 1 20 
22-Jul Carola 1 10 
29-Jul* Carola 1 27 
19-Jun Carola 2 313 
25-Jun Carola 2 41 
2-Jul Carola 2 20 
8-Jul Carola 2 <10 
14-Jul Carola 2 10 
17-Jul Carola 2 <10 
22-Jul Carola 2 <10 
29-Jul* Carola 2 4 
19-Jun Playa Mann 1 52 
25-Jun Playa Mann 1 41 
2-Jul Playa Mann 1 <10 
8-Jul Playa Mann 1 10 
14-Jul Playa Mann 1 <10 
17-Jul Playa Mann 1 <10 
29-Jul* Playa Mann 1 7 
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Date Site MPN/100ML 
19-Jun Playa Mann 2 63 
25-Jun Playa Mann 2 10 
2-Jul Playa Mann 2 <10 
8-Jul Playa Mann 2 <10 
14-Jul Playa Mann 2 <10 
17-Jul Playa Mann 2 20 
22-Jul Playa Mann 2 10 
29-Jul* Playa Mann 2 7 
14-Jul Punta Pitt <10 
14-Jul Punta Pitt 20 
14-Jul Punta Pitt <10 
17-Jul Playa Los Marinos Pipe 19863 
22-Jul Playa Los Marinos Pipe >24196 
29-Jul* Playa Los Marinos Pipe >24196 
17-Jul Carola Pipe >24196 
22-Jul Carola Pipe >24196 
29-Jul* Carola Pipe >24196 
*These values represent the average of three triplicate samples collected 
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APPENDIX B: ANTIBIOTIC RESISTANCE OF E. COLI MEASURED ON SAN 
CRISTÓBAL ISLANDS, GALÁPAGOS ARCHIPELAGO, ECUADOR, SUMMER 2013 
 
Isolate 
Number 
Date Ciprofloxacin Ampicillin Gentamycin Tetracycline 
Trimethprim/ 
Sulfamethoxazole 
101 25-Jun-13 S S S S S 
103 25-Jun-13 S S S R S 
104 25-Jun-13 R S S S S 
105a 25-Jun-13 S S S S S 
105b 25-Jun-13 S R S S S 
106 25-Jun-13 S S S I S 
107b 25-Jun-13 S S S S S 
108a 25-Jun-13 S S S S S 
108b 25-Jun-13 S S S S S 
109a 25-Jun-13 S * S S S 
109b 25-Jun-13 S I S S S 
110 25-Jun-13 S R S R S 
111 25-Jun-13 S S S R R 
120 8-Jul-13 S R R R R 
121 8-Jul-13 S R R R R 
122a 8-Jul-13 S S S R S 
124 8-Jul-13 S S S S S 
125 8-Jul-13 S R S R R 
126 8-Jul-13 S S S S S 
127 8-Jul-13 S S S S S 
128 8-Jul-13 S R S R R 
129a 8-Jul-13 S R S S * 
129b 8-Jul-13 S R S R R 
130 14-Jul-13 R R R R R 
131 14-Jul-13 I R R R R 
132 14-Jul-13 R R S R I 
135 14-Jul-13 R R R R R 
136 14-Jul-13 S R R R R 
137 14-Jul-13 S S S R S 
138 14-Jul-13 R R R R R 
139 14-Jul-13 I R R S R 
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Isolate 
Number 
Date Ciprofloxacin Ampicillin Gentamycin Tetracycline 
Trimethprim/ 
Sulfamethoxazole 
201 25-Jun-13 I R R S S 
202 25-Jun-13 I R R R R 
203 25-Jun-13 I R R R R 
204 25-Jun-13 S S S S S 
205 25-Jun-13 S R R R R 
206 25-Jun-13 I R R R R 
207 25-Jun-13 I R R R R 
208 25-Jun-13 S R S R R 
209 25-Jun-13 I R R S S 
210 25-Jun-13 S R R R R 
211 25-Jun-13 S R S R R 
220 8-Jul-13 I R R S R 
221 8-Jul-13 S R R R R 
222 8-Jul-13 S R R R R 
223 8-Jul-13 S S S S S 
224 8-Jul-13 I R R R R 
225 8-Jul-13 S R S R R 
226 8-Jul-13 I R S S R 
227a 8-Jul-13 R R R R R 
228b 8-Jul-13 R R S R R 
229 8-Jul-13 R R S R R 
235 14-Jul-13 S R S R R 
236 14-Jul-13 S R S S S 
237a 14-Jul-13 S S S S S 
239 14-Jul-13 S S S R I 
301 25-Jun-13 S R S S R 
302a 25-Jun-13 S S S S I 
302b1 25-Jun-13 S R S I S 
302b2 25-Jun-13 S S S S S 
303b 25-Jun-13 S S R S S 
305 25-Jun-13 S S S S S 
320a2 8-Jul-13 S S S S S 
320b 8-Jul-13 S S S S S 
320c 8-Jul-13 S S S S S 
320d 8-Jul-13 S S S S S 
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Isolate 
Number 
Date Ciprofloxacin Ampicillin Gentamycin Tetracycline 
Trimethprim/ 
Sulfamethoxazole 
401a 25-Jun-13 S S S S S 
402a 25-Jun-13 S S S S S 
402b 25-Jun-13 S S S S S 
404a 25-Jun-13 S S S S S 
404b 25-Jun-13 S R S S S 
405a 25-Jun-13 S R S S S 
420 8-Jul-13 S S S S S 
422a1 8-Jul-13 S R S R S 
422a2 8-Jul-13 S S S S R 
422b 8-Jul-13 S S S S R 
425a 8-Jul-13 S I S S R 
425b 8-Jul-13 S I S S R 
502 25-Jun-13 S S S S S 
503 25-Jun-13 S S S S S 
504 25-Jun-13 S S S S S 
506 25-Jun-13 S S S S S 
507 25-Jun-13 S S S I S 
508 25-Jun-13 S S S S S 
510 25-Jun-13 S S S S S 
520 8-Jul-13 S S S S S 
521a1 8-Jul-13 S R S S S 
521a2 8-Jul-13 S S S S S 
521b 8-Jul-13 S R S I S 
522 8-Jul-13 S S S S S 
523 8-Jul-13 S S S S S 
524 8-Jul-13 S S S S S 
525 8-Jul-13 S S S S S 
532b 14-Jul-13 S S S S S 
611 14-Jul-13 S R S R S 
612 14-Jul-13 S R S S S 
631 14-Jul-13 S R S R S 
741 22-Jul-13 R R R S R 
742 22-Jul-13 S R R R R 
743a 22-Jul-13 I I S R R 
743b 22-Jul-13 I R S S I 
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Isolate 
Number 
Date Ciprofloxacin Ampicillin Gentamycin Tetracycline 
Trimethprim/ 
Sulfamethoxazole 
744 22-Jul-13 I R R S R 
840 22-Jul-13 S R R R R 
841 22-Jul-13 S R R R R 
842 22-Jul-13 S R R R R 
843 22-Jul-13 S R R S R 
844 22-Jul-13 S R R S R 
*Disk fell off plate 
S indicates susceptible, I indicates Intermediate and R indicates resistant, according to Clinical Laboratory Standards 
Institute antimicrobial susceptibility testing standards 
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